Introduction
============

Metabolic labeling techniques are powerful tools for visualizing live cells [@B1]-[@B4]. These techniques offer many advantages, such as low background and simple steps for biomolecule labeling, compared with modern direct and indirect methods [@B4]-[@B6]. For these reasons, metabolic labeling techniques are widely used for site-specific modification of antibodies, drug delivery systems, and imaging and tracking of live cells [@B7]-[@B9]. The synthetic azido-sugars, one group of metabolic labeling compounds, are abiotic azide-derivatives of naturally occurring monosaccharides, which require a two-step reaction for labeling of cells [@B3], [@B10], [@B11]. First, the azido-sugars are installed within cellular proteins by post-translational modification pathways, which are mainly displayed on the cell surface. Second, the azido group is covalently linked to fluorescent probes through a click reaction, which allows for imaging and detection of the target cells. The click reaction between the azido group and the fluorescent probe, which has been demonstrated in many studies, has a high reaction specificity and yield in mild conditions at a biocompatible pH and temperature. In addition, the reaction produces very few and non-toxic byproducts [@B11]-[@B13]. Therefore, it has many advantages that apply to *in vivo* studies. Additionally, to enhance the labeling efficiency and safety, many studies have developed advanced click reactions, such as the \'Diels-Alder\' [@B14], [@B15] and \'Photo-click\' [@B16], [@B17] reactions, and bio-orthogonal MRI probes [@B18]. However, these studies only focused on the labeling step of the process; safety and the bio-physiological effects and biochemical modulation by modified glycosylation in the first step have been overlooked.

Incorporation of an azido group on natural proteins offers many advantages in cell tracking and cell-based therapy. For example, color changes can easily be implemented by using different probes for cell tracking and imaging [@B15]. In addition, the efficacy of cell-based therapy can be improved by installing specific target molecules, such as antibodies or peptides, on the cell surface, which enhances the targeting moiety [@B19]. Additionally, a quick quantitative analysis of cell tracking efficiency can be used by azide-tagged total proteins with the click-reaction [@B20], [@B21]. However, many hurdles remain to the widespread acceptance of this method of analog tagging of natural proteins for *in vivo* cell tracking and labeling for cell based-therapy because the functional changes of abiotic azide-containing proteins in cells are not fully understood. Although the azido group has desirable characteristics, such as a small size that causes less interference to glycol-structures and non-reactivity with endogenous molecules in cells [@B22], many previous studies have shown that the modified glycosylation of natural proteins specifically led to changes in bio-physiological function, cellular signaling pathways and interference with cell-cell communication [@B23], [@B24]. Thus, if azido-sugar is to be used for *in vivo* studies, its effects on physiological properties, biochemical properties of modified cells and cellular function should be clearly defined.

In this study, we analyze the gene expression pattern, membrane channel activity, individual bio-physiological properties, and glycolytic flux of azido-sugar-treated cells. To optimize the concentration of treated azido-sugar to reduce the effects on cell physiology, physiological events were observed. First, we conducted a microarray analysis using total RNA of cells treated with azido-sugars to analyze the cellular signaling pathway. Then, we observed the change of physiological and biochemical events including cell growth, migration, permeability, channel activation and mitochondrial function. In addition, to validate the quantitative analysis of the optimum concentration of azido-sugar to use for cell tracking, comparative analysis was conducted with quantitative PCR and total protein analysis of cells treated with azido-sugar.

Materials and Methods
=====================

Cell culture
------------

Human lung adenocarcinoma cells (A549) were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in RPMI 1640 (Welgene, Daegu, Korea) containing 10% fetal bovine serum (FBS; Welgene, Daegu, Korea) and 100 µg/mL streptomycin and 100 U/mL penicillin (Welgene, Daegu, Korea) in a humidified 5% CO^2^ atmosphere at 37 °C.

Microarray analysis
-------------------

The A549 cells were cultured with 0, 10 and 50 μM Ac4ManNAz (Invitrogen, Carlsbad, CA, USA) and harvested. Total RNA was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and the quantity and quality of total RNA was evaluated using a NanoDrop spectrophotometer (NanoDrop Technologies, Montchanin, DE, USA) and a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). An Affymetrix GeneChip Human Genome U133 plus 2.0 was used for the microarray experiments according to the manufacturer\'s instructions (Affymetrix, Santa Clara, CA, USA). For the gene expression array, the data were pre-processed, the cell intensity files (CEL) were generated, and the data were analyzed using GeneSpring GX (v11.0; Agilent Technologies). The data were normalized using a global scale normalization, and differentially expressed genes were selected based on a \> 7-fold change. The selected genes were annotated based on NetAffx (<http://www.affymetrix.com>). Functional enrichment and network analysis was performed using Ingenuity Pathways Analysis software (IPA; Ingenuity Systems, Redwood, CA, USA).

Electrophysiological recording
------------------------------

The currents for TRPM7, VSOR-Cl^-^, and Kv were measured and analyzed in A549 cells cultured with 0, 10, 20 and 50 μM Ac4ManNAz for 3 days. The cells were placed in a recording chamber on the stage of a Nikon inverted microscope and continuously perfused approximately 5 mL/min with 36 ± 1 °C bath solution. Currents were recorded with an Axopatch 200B amplifier (Molecular Devices, USA) controlled by a Digidata 1440 interface and pCLAMP software (version 9.2, Molecular Devices, USA). The current signals were filtered at a sampling rate of 5 kHz, and they were low-pass filtered at 1 kHz and stored on a computer.

To record the TRPM7 currents, the cells were held at 0 mV and stimulated with voltage ramps from -120 to +120 mV for 250 ms repeatedly at 1 s intervals. The internal pipette solution for TRPM7 current recordings contained 145 mM cesium methanesulfonate, 4.1 or 0 mM CaCl~2~, 8 mM NaCl, 10 mM ethylene glycol-bis-n,n,n′,N′-tetraacetic acid (EGTA), and 10 mM HEPES with pH adjusted to 7.2 with CsOH. The extracellular solution for the whole cell recordings contained 145 mM NaCl, 5 mM KCl, 1 or 0 mM CaCl~2~, 10 mM HEPES and 10 mM glucose with pH adjusted to 7.4 with NaOH. For VSOR-Cl^-^ recording, the step pulses were applied to test potentials between -100 mV and +100 mV (500 ms duration) in 20 mV increments. The isotonic bath solution (330 mOsmol/L) consisted of 110 mM CsCl, 10 mM HEPES, 2 mM MgSO~4~, and 80 mM mannitol (pH 7.4). The hypotonic (250 mOsmol/L) solution was made by omitting mannitol. Osmolality of the solutions was measured using the freezing point depression using Fiske micro-osmometer (FISKE Associate Inc., Norwood, MA, USA). The pipette (intracellular) solution consisted of 110 mM CsCl, 2 mM Na~2~ATP, 10 mM HEPES, 2 mM MgSO~4~, 1 mM EGTA and 50 mM mannitol (295 mOsmol/L, pH 7.3). To generate the Kv currents, the cells were held at -70 mV, at which Kv channels are not inactivated, and stimulated with voltage steps that ranged from -30 to +110 mV for 500 ms duration with a 10 mV increment. Current-voltage curves were constructed using the sustained current amplitude at the end of 500 ms test pulses. The pipette solution was composed of 129 mM KCl, 1 mM CaCl~2~, 2 mM MgCl~2~, 11 mM EGTA, 10 mM HEPES (pH adjusted to 7.3). The bath solution contained 150 mM NaCl, 2.8 mM KCl, 2 mM MgCl~2~, 1 mM CaCl~2~, 10 mM HEPES, and 10 mM glucose (pH adjusted to 7.4).

Ionic current amplitudes normalized to membrane capacitance have been represented as pA/pF to simulate current density values and to compensate for differences in cell size. Origin 8 (OriginLab Corp, Northampton, MA, USA), GraphPad InStat (GraphPad Software Inc., San Diego, CA) and Excel (Microsoft, Redmond, WA, USA) software were used for data analysis. Dunnett\'s multiple comparison test was performed, and data were considered statistically significant when *p* \< 0.05, or *p* \<0.01 compared to the untreated control group.

Cell viability assay
--------------------

To measure cell viability, A549 cells were seeded on 96-well plates (5×10^3^ cells/well) and incubated for 1 day. Cells were incubated with various concentrations of Ac4MAnNAz (0 to 50 µM) for 3 days at 37 °C. Cell Counting Kit-8 solution (10 µL) (Dojindo Molecular Technologies Inc., Kumamoto, Japan) was then added to each well. After further incubation for 2 h at 37 °C, the absorbance of each well was measured at 450 nm using a microplate reader (VERSAmaxTM, Molecular Devices Corp., Sunnyvale, CA, USA).

Invasion and wound healing
--------------------------

Matrigel (100 μL; 7-8 mg/mL) in serum-free medium was added to each well of a Transwell Corning Costar plate (Costar, Acton, MA, USA) and dried overnight in a culture hood. The following day, 2.5 × 10^4^ cells in serum-free medium were pipetted onto the Matrigel, and complete medium was added to the bottom chamber. Following incubation, the transmembrane filter was stained with crystal violet and the number of cells counted. For wound healing, a small area was cleared along the diameter of the 10 cm dishes through confluent monolayers of A549 and Az4MAnNAz-treated A549 cells using a sterile pipette tip. Cell migration was measured and photographed from the wound/scratch edge every 8 h.

Mitochondrial membrane potential
--------------------------------

Mitochondrial membrane potential was measured using JC-1 dye (5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide; Life Technologies) according to the manufacturer\'s instructions. Briefly, Ac4MAnNAz-treated or untreated cells were incubated with 10 µg/mL JC-1 dye for 15 min, and fluorescence images were taken using a 20x objective. The ratio of red fluorescence JC-1 aggregates and green JC-1 monomers was measured using image J following image background correction.

Mitochondrial oxygen consumption and glycolysis-derived lactate flux
--------------------------------------------------------------------

Glycolysis and oxidative phosphorylation flux analysis was performed using kits from Seahorse Biosciences, in accordance with the manufacturer\'s recommendations. For these assays, cells were seeded on XF96 cell culture microplates (Seahorse Biosciences Cat\# 101085-004) and grown to 70% confluency prior to analysis. On the day of assay, culture media were changed to XF Assay medium (Seahorse Biosciences Cat\# 102365-100), supplemented with 5 g/L glucose, 2 mM glutamine, and 2 mM pyruvate for the oxidative phosphorylation assay and supplemented with only 2 mM pyruvate to assay glycolysis rates. Prior to the assay, plates were transferred into a non-CO~2~ incubator at 37 °C and maintained for 1 h. To quantify the oxidative phosphorylation rates, we first measured initial (basal) oxygen consumption rates, followed by a series of changes in oxygen consumption when cells were sequentially treated with 1 μM oligomycin, 2 μM FCCP, and finally a combination of 1 μM rotenone and antimycin A. Following each addition, oxygen levels in the culture medium were monitored at 20 s intervals, and the overall oxygen consumption rate (OCR) was calculated. For the glycolysis stress test, after collecting baseline acidification rate (lactate release) data, cells were sequentially treated with 10 mM glucose, 2 μM oligomycin, and 100 mM 2-deoxy-glucose and evoked changes in acidification rate were quantified after each addition. For this purpose, changes in culture medium pH were monitored every 20 s and used to calculate the overall extracellular acidification rate (ECAR).

Western blot analysis
---------------------

A549 cells were seeded onto 100×20 mm cell culture plates at a density of 2×10^6^ cells per plate in 10 mL of media with no sugar or Ac4ManNAz (10, 20 and 50 μM). After incubation for 3 days, the cells were washed twice with DPBS (pH 7.4) and harvested from the plates with a cell scraper. They were pelleted by centrifugation at 3,000×g for 5 min, and the cell pellets were resuspended in 500 μL of lysis buffer (1% SDS, 100 mM Tris-HCl, pH 7.4) containing protease inhibitor cocktail (Complete, EDTA-free, Roche, NSW, Australia) and lysed with a probe-type sonifier at 4 °C. Sonicated lysates were incubated at 4 °C for 30 min to further solubilize the proteins. The insoluble debris was removed by centrifugation for 10 min at 3,000×g. Final soluble protein concentrations were determined by bicinchoninic acid protein assay (Pierce, Rockford, IL, USA) to be 5 mg/mL. Then, 20 μL of the lysate (5 mg/mL protein) was incubated with phosphine-PEG3-biotin (2 μL, 5 mM in DPBS) (Pierce) for 6 h at 37 °C. Loading buffer was added to each sample, and samples were loaded onto 10% SDS-PAGE gel after heating at 95 °C. Proteins were transferred to a Hybond P membrane (Amersham, St. Albans, UK), and the membrane was blocked with 5% bovine serum albumin in TBST (50 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, pH 7.4) for 2 h. The membrane was then incubated with streptavidin-horseradish peroxidase (diluted 1:2,000 in TBST) (Pierce) overnight at 4 °C. The membrane was rinsed three times with TBST and developed using ECL Western Blotting Substrate (Pierce).

Cellular imaging
----------------

A549 cells were seeded onto 35-mm glass-bottom dishes at a density of 3×10^4^ cells in 2 mL of growth media with Ac4ManNAz (0, 10, 20 and 50 μM). After incubation for 3 days, the cells were washed twice with DPBS (pH 7.4) and incubated with DBCO-Cy5 (20 μM, final concentration) (Click Chemistry Tools, Scottsdale, AZ, USA) for 1 h at 37 °C. Cells were then rinsed with DPBS (pH 7.4) and fixed with formaldehyde-glutaraldehyde combined fixative for 15 min at room temperature. After fixation, the cells were washed twice with DPBS (pH 7.4) and stained with DAPI (Invitrogen, Carlsbad, CA, USA) to label nuclei. All cell images were obtained using a FluoView FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan) equipped with a 405 diode (405 nm) and HeNe-Red (633 nm) lasers.

Real-time quantitative PCR
--------------------------

For the RT-qPCR, A549 cells were transfected with 100 ng of pcDNA3-EGFP using Lipofectamine 2000 (Thermo Fisher Scientific, Waltham, MA USA) according to the manufacturer\'s instructions. After 24 h, transfection medium was replaced with fresh RPMI and incubated at 37 °C for a further 24 h before harvesting cells for mixing into specific ratios of transfected and un-transfected cells and for RNA isolation. Before the RNA isolation, the cells were mixed and the ratio gradually increased to 100% transfected cells. Each sample consisted of a total of 5×10^5^ cells in 1 mL. Total RNA was isolated in a single-step method using TRIZOL reagent. cDNA synthesis was performed with 1 μg of total RNA per sample using random primers and the PrimeScript 1st strand cDNA Synthesis Kit (Takara Biotech, Kusatsu, Shiga, Japan). Real-time PCR was performed on an ABI PRISM 7000 sequence detection system (Applied Biosystems, Foster City, CA). The primer pairs for detecting the expression of EGFP gene were EGFP forward 5\'-CTGCTGCCCGACAACCAC-3\', and EGFP Reverse 5\'-TGTGATCGCGCTTCTCGTT-3\', and for GAPDH were forward 5′-TGAAGGTCGGAGTCAACGGATTTGGT-3′ and reverse 5′-CATGTGGGCCATGAGGTCCACCAC-3′. The data shown are the average of three separate experiments, each performed in triplicate.

Measurement of labeled protein using 10 μM Ac4ManNAz
----------------------------------------------------

The A549 cells were grown with 0 and 10 μM Ac4ManNAz in a 6-well plate. Before analysis, cells were washed with PBS and harvested. Before the protein isolation, the cells were mixed so that the ratio gradually increased to 100% of 10 μM Ac4ManNAz-treated cells. Samples each had a total of 5×10^5^ cells in 1 mL. Mixed samples were lysed in whole-cell lysis buffer (10% glycerol, 0.5 mM EDTA, 1 mM DTT, 2 mM sodium fluoride, 0.2% Triton X-100 in PBS pH 7.4) supplemented with protease and phosphatase inhibitors (Calbiochem). The total proteins were incubated with DBCO-Cy5 (20 μM, final concentration) for 1 h at 37 °C and precipitated using ethanol. The precipitated proteins were resuspended in PBS and analyzed using a fluorescence microplate reader (Tecan Infinite 200 Pro, Milan, Italy) at 588 nm. The data shown are the average of three separate experiments, each performed in triplicate.

Statistical analysis
--------------------

Quantitative data were expressed as the means ± standard deviations. Statistical comparisons were carried out using Student\'s t-test (SAS software, SAS Institute, Inc., Cary, NC). A probability level of less than 0.05 was considered statistically significant.

Results
=======

Regulation of gene expression by treatment of azido-sugars in A549 cells
------------------------------------------------------------------------

Protein glycosylation using N- or O-glycans adjusts the biophysical properties and regulates the function of native proteins [@B24], [@B25]. Many studies have shown that post-translational modification of proteins was able to change the kinetic and structural features of the proteins [@B26]. In addition, the large hydrophilic carbohydrates incorporated into proteins have been implicated in myriad biological processes including modification of protein folding, modulation of protein stability, host cell-surface interactions, modulation of signaling, and gene expression [@B27]. The chemically reactive abiotic azido group from azido-sugar, which is a small chemical group, is known to have a minimal effect on protein structure. However, this group is an anion, used as the conjugate base of hydrazoic acid, and has the potential to modulate biological processes.

To clearly address these possibilities, we first conducted a microarray analysis. The mRNA from A549 cells treated with 10 μM or 50 μM of N-azidoacetylmannosamine (Ac4ManNAz) was extracted and analyzed using Affymetrix GeneChip Human Genome U133 plus 2.0. We selected 2,014 genes of 10 μM Ac4ManNAz-treated cells and 2,093 genes of 50 μM Ac4ManNAz-treated cells for which the mRNA expression level was changed over 7-fold compared with non-treated A549 cells. Using the selected genes, functional enrichment and network analyses were performed. Ac4ManNAz regulated many mRNA expression levels, and it activated or inhibited various biofunctions in the cells. Interestingly, in the A549 cells treated with 50 μM Ac4ManNAz, the biofunctional pathways related to urogenital cancer and cellular infiltration were significantly activated, while cell maturation and surface receptor-linked signal transduction were inhibited (**Fig. [1](#F1){ref-type="fig"}A**). In detail, we analyzed the genes related to activated and inhibited biofunctional pathways in cells treated with 50 μM Ac4ManNAz (**Fig. [1](#F1){ref-type="fig"}B**). The genes related to activation of MAPK activity (TLR4, THBS1, FPR1), apoptotic process (NLRP3), fever generation (PTGER3, AFRB3), induction of apoptosis (COL4A3), and immune and inflammatory responses (IL15, KNG1, CD28, ITGAL) were upregulated. Genes related to energy generation (CYBB), transport (GABRA1, GABRQ, SLC6A2, AKAP7), neuroactive signaling (CHRM4, PTGDR2, P2RX7), the JAK-STAT signaling pathway (CNTF), the PI3K-Akt signaling pathway (PIK3CG, ESR2, CCR2), phosphorylation (PTPRE, TTBK2), the cell cycle (NFATC1, SPDYA, CAMK2A, CAMK2B, OTX2, CDON), cell proliferation and growth (ESR1), and cell migration and angiogenesis (FLT1, ANGPT1, FN1, LGI4) were down-regulated. These results showed that Ac4ManNAz regulated a wide range of cellular functions and signaling pathways. The results also suggest that higher concentration of Ac4ManNAz induced the apoptotic process and immune response and inhibited the cell cycle, proliferation and cellular adhesion. Interestingly, contrary to previous reports, Ac4ManNAz led to the modulation of biological functions in cells.

Down-regulation of physiological properties by azide labeling in A549 cells
---------------------------------------------------------------------------

Based on the microarray results, Ac4ManNAz modulated various bio-physiological properties including apoptosis, cellular adhesion, proliferation and the cell cycle. In general, these modulations were induced by numerous factors, such as secretory cytokines, membrane channel activity, gene expression and signaling pathways [@B28], [@B29]. Choosing among them, we decided to focus on membrane channel activity because metabolic labeling using azido-sugars primarily occurred on membrane proteins. Thus, we selected three channels of transient receptor potential (TRP): the M7 channel, the volume-sensitive outward rectifying (VSOR) Cl^-^ channel and the voltage-gated potassium (Kv) channel. These channels are already known to play a critical role in cell permeability, apoptosis and proliferation [@B30]-[@B32].

According to our results, TRP M7 and VSOR Cl^-^ channel activity showed no significant changes (**Fig. [2](#F2){ref-type="fig"}A, B**). However, Kv activation was gradually decreased by increased concentrations of azido-sugar, which suggests that glycosylation of the Kv channel with azido groups affected their function (**Fig. [2](#F2){ref-type="fig"}C**). The reduction of Kv channel activity directly affected the membrane potential, which contributes to cell mitotic biochemical signaling, cell cycle progression, proliferation, and cell volume regulation [@B33].

To validate the influence of the changed channel activity on cells, we measured the cell growth rate and viability with an MTT assay and manual microscopic counting, permeability, migration and invasion assays. As shown in **Figure [2](#F2){ref-type="fig"} D, E**, Ac4ManNAz does not affect the cell viability. However, the growth rate was decreased by 10% in cells treated with 50 µM Ac4ManNAz compared to the non-treated cells (**Fig. [2](#F2){ref-type="fig"}F**). As known, the level of carbon source such as glucose and other sugars affects many cellular physiologies in the cells, such as proliferation, viability and morphological changes [@B34]. Ac4ManNAz is the analog of ManNAc, which was used by carbon source in the cells. Therefore, the addition of Ac4ManNAz have possibility of changes of cellular physiology.

So, we confirmed the modification of cellular physiology depend on sugar level using ManNAc and Ac4ManNAc, that is another analog of ManNAc (**Fig [S1](#SM1){ref-type="supplementary-material"} and S2**). The ManNAc have not shown the physiological cellular changes. These results were demonstrated that the cellular effects depend on sugar levels is negligible, and the decrease of growth rate in the high concentration of Ac4ManNAz (\>50 μM) was caused by azido groups. Meanwhile, Ac4ManNAc dramatically increased cytotoxicity depend on the increase of concentration. These results were caused by accumulation acetic acids in cell, which result in intracellular pH decrease and thus induce cytotoxicity [@B35]. In general, the chemical properties of DMSO are an osmolyte, which affected the cell swelling, cell volume changes and cellular mechanisms [@B36]. We used DMSO for dissolving Ac4ManNAz and added the 0.1% (v/v) of DMSO with 10 \~ 50 µM of Az4ManNAz. The addition of 0.1% DMSO (v/v) to the growth medium has shown the negligible effects on cells (**Fig. [S3](#SM1){ref-type="supplementary-material"}**). Additionally, we analyzed the permeability of A549 cells treated with Ac4ManNAz using Cy5.5-labeled empty liposomes and liposome-mediated transfection with pcDNA3-eGFP plasmid. The results of the permeability test showed no significant differences between the treated and non-treated condition (**Fig. [S4](#SM1){ref-type="supplementary-material"}**). Additionally, the migration and invasion were determined by a wound healing and Transwell invasion experiment (**Fig. [3](#F3){ref-type="fig"}**). The migration and invasion ability were gradually decreased by increased concentrations of Ac4ManNAz. Specifically, rapid reductions in invasion ability were observed with 20 μM and 50 μM Ac4ManNAz compared with the untreated group (P \< 0.05) (**Fig. [3](#F3){ref-type="fig"}D**). These results suggested that labeling native proteins with an azido group affected the proliferation, migration, invasion and channel activity of cells. Furthermore, treatment with higher concentrations of azido-sugar was negatively regulated and these changes in cellular properties were consistent with our microarray results.

Effects of azido-sugar on mitochondrial function and characterization
---------------------------------------------------------------------

The glycosylation of proteins in cell membranes has been extensively studied and is also reported in mitochondria [@B37]. The modified glycosylation of mitochondrial proteins has been linked to diabetes-related complications, cancer progression, neurodegeneration and mitochondrial dysfunction [@B24], [@B38]. Recently, many studies have reported that glycosylated mitochondrial proteins localized to the inner mitochondrial membrane, which suggests that glycosylation in the mitochondria plays important roles in oxidative phosphorylation, mitochondrial integrity, redox signaling, and cell survival pathways [@B37]. In this regard, modified glycosylation by azide labeling may affect mitochondrial function and energy generation. Thus, we conducted a JC-1 dye assay for analyzing the change of the mitochondrial membrane potential (ΔΨm) and extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) assays.

As shown in **Figure [4](#F4){ref-type="fig"}A**, the healthy cells were detected as a red JC-1 aggregate, the loss of ΔΨm was detected as a green JC-1 monomer. Compared to the control cells (0 μM of Ac~4~ManNAz), the cells treated with the azido-sugar were depolarized, and the treatment of 50 μM Ac4ManNAz have increased the levels of JC-1 detected 5-fold. In general, ΔΨm is critical for maintaining the physiological function of the respiratory chain to generate ATP. Additionally, lower ΔΨm renders cells depleted of energy, leading to subsequent death. In this regard, the cells treated with 50 μM Ac4ManNAz displayed decreased gene expression of cytochrome b (CYBB) in the microarray results, which is a component of respiratory chain complex III [@B39]. These data indicate that azido-sugars may preferentially engage in metabolic processes and interfere in ATP generation. To determine whether gene expression and metabolic measurements were associated with functional changes, we evaluated the ECAR, which quantified proton production as a surrogate for lactate production and thus reflects glycolytic flux and the OCR. According to the results, ECAR and OCR were gradually decreased in all treatments except the 10 μM Ac4ManNAz treatment. This result is consistent with the gene expression and ΔΨm analyses. The cells treated with over 20 μM Ac4ManNAz demonstrated evidence of interference with the metabolic process and ATP generation (**Fig. [4](#F4){ref-type="fig"} B, C**).

Optimum concentration of azido-sugar for cell labeling and proteomic analysis
-----------------------------------------------------------------------------

In the manufacturer\'s protocol and labeling kit, the use of 40 or 50 μM of Ac4ManNAz was recommended for the highest labeling efficiency. Additionally, many studies of cell or virus labeling and tracking used over 50 μM Ac4ManNAz [@B3], [@B6], [@B40]. In our study, however, cells treated with 50 μM Ac4ManNAz showed a decrease of proliferation, migration and invasion ability. They also exhibited a reduction of glycolytic flux and OCR by a lower ΔΨm and many biofunctional changes in the microarray analysis. However, with 10 μM Ac4ManNAz treatment, there were no changes in the physiological and biochemical properties compared with control groups. Although 10 μM Ac4ManNAz provided the smallest effects on the bio-physiological and biochemical properties of cells, the labeling efficiency and sensitivity would be decreased if this concentration were used. Thus, the optimum concentration of azido-sugars was determined for cell labeling and tracking.

As shown in **Figure [5](#F5){ref-type="fig"} A, B and C**, we conducted the western blot, cell imaging and FACS analyses for analyzing labeling efficiency and sensitivity. The labeled proteins and cell imaging of cells treated with 10 μM Ac4ManNAz were distinguished from higher concentrations of azido-sugar treated cells. However, in the FACS analysis, all labeled cells showed similar intensity. In addition, for the quantitative analysis of cell tracking using 10 μM Ac4ManNAz, we compared qPCR and labeled proteins derived from 10 μM Ac4ManNAz-treated cells. Using the labeled proteins, the sensitivity for quantitative analysis was lower than qPCR. Meanwhile, the proteins from mixed over 2.5 x 10^5^ labeled cells had a higher accuracy than qPCR. These results showed that 10 μM Ac4ManNAz is a sufficient concentration for cell labeling and tracking. Additionally, for proteomic and quantitative analysis, using 10 μM Ac4ManNAz is sufficient.

Discussion
==========

Cell-based therapy, such as stem cell transplantation and adoptive immunotherapy, have great potential for the next phase of biotherapeutics in oncological research and medical practice, but many questions remain about the efficacy of cell delivery and the fate of delivered cells [@B41]. For effective cell-based therapy, the ability of therapeutic cells has to be guaranteed by determination of the *in vivo* targeting efficiency, distribution, viability, biological fate and toxicity of therapeutic cell populations. To monitor the therapeutic cells *in vivo*, direct or indirect cell labeling and tracking methods utilizing fluorescent nanoparticles, and genetic modification by non-viral and viral systems have been developed [@B42], [@B43]. Recently, many reports have described advanced cell labeling methods by the development of novel fluorescent probes and simple cell labeling processes [@B44]. Metabolic labeling techniques are one of the advanced cell labeling techniques, which provide low background signals, a simple process, and commercial availability. However, the effects of the metabolic labeling agents on cell metabolism and physiology are not known, which puts into question the biological relevance of this strategy.

To address these questions, we performed the various analytical procedures involved in a microarray, physiological cell analysis, channel assay, and mitochondrial function assay on azido-sugar treated cells. According to the results, treatment of 50 μM Ac4ManNAz, the concentration of azido-sugar recommended for cell labeling in the manufacturer\'s procedure, resulted in the reduction of major cellular functions, including energy generation capacity, cellular infiltration ability and channel activity. In our previous study, we demonstrated that azido-sugar had low cytotoxicity and no inflammatory effects, as judged by hematoxylin and eosin (H&E) staining of liver, lung, spleen and kidney *in vivo*[@B6]. Contrary to previous results, the microarray results showed that the treatment of 50 μM Ac4ManNAz induced gene expression involving inflammation and the immune response. Although we focused on the effects of modified glycosylation with the azido group in this study, the cause of upregulated gene expression related immune response changes have to be investigated in an *in vivo* study. Treatment with 10 μM Ac4ManNAz had lesser effects on the physiological and biochemical properties of cells. Thus, we suggest that metabolic cell labeling for therapeutic purposes should use 10 μM Ac4ManNAz.

When cells are treated with azido-sugar, this addition of abiotic nutrient sources could affect the nutrient-sensing signaling pathway, which regulates cell metabolism and growth in response to altered nutrient levels, and growth factor signaling. As is known, carbon sources can regulate the transcription and expression of genes encoding enzymes related to glycolysis, and signaling pathways including MAPK, WNT and PI3K-Akt, which modulate cell growth, the cell cycle, and metabolism [@B45], [@B46]. Our microarray analysis results showed the up- and down-regulation of the expression of various genes involved in the MAPK and PI3K-Akt signaling pathways. Although the effects of regulated gene expression were not determined in our study, the microarray results are very similar to those from previous studies about nutrient sensing and signaling.

Stem cells, which are unspecialized cells with the ability to renew themselves, are expected by the next generation of cell therapy to bring substantial benefit to patients suffering from a wide range of diseases and injuries. As currently understood, the behavior and differentiation of stem cells is regulated and determined by MAPK, PI3K-Akt, WNT, FGF, Notch, SMAD, and Hedgehog signaling pathways by supplying outside signal and extracellular factors, rather than genetic manipulation [@B47], [@B48]. Additionally, in the regulation of cellular pluripotency and differentiation of stem cells, the significance of protein glycosylation and its potential roles are supported by multiple lines of evidence [@B49], [@B50]. Therefore, the activation or inactivation of these pathways and protein glycosylation are important to the success of stem cell therapy. In our results, gene expression related to the PI3K-Akt pathway and MAPK pathway and physiological and biochemical properties through the modified glycosylation were changed by treatment with 50 μM Ac4ManNAz on cells. Although we selected A549 cells as the model cell line in our study, our results suggest that metabolic labeling of stem cells using azido-sugars for monitoring may have an effect on the spreading and fate of injected stem cells.

In conclusion, this study demonstrates that high concentrations of Ac4ManNAz affected the expression of various genes related to important bio-functional pathways, bio-physiological and biochemical properties and cellular energy generation. However, 10 μM Ac4ManNAz showed the least effect on cellular systems, and it provided a sufficient labeling efficiency for cell labeling, tracking and proteomic analysis. Based on our results, we suggest 10 μM as the optimum concentration of Ac4ManNAz for *in vivo* cell labeling and tracking. Additionally, we expect that our approach could be used for cell-based therapy for monitoring the efficacy of molecule delivery and the fate of recipient cells.
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![**Functional enrichment analysis of differentially expressed genes in Ac4ManNAz treated A549 cells.**(A) Disease and biofunction analysis of 10 μM- and 50 μM Ac4ManNAz treated group were performed based on Ingenuity Systems Knowledge Base. The Z-score predicts the direction of change for the function and an absolute z-score of ≥ 3 or ≤ -3 is considered significant. (B) Heatmap of microarray data illustrating differentially expressed genes of 10 μM- and 50 μM Ac4ManNAz treated group. Expression levels are shown as mean-centered log2 values. Red, upregulated genes; blue, downregulated genes. The scale extends from -5 to +5 in log2 space as indicated at the upper left.](thnov07p1164g001){#F1}

![**Analysis of channel activation, proliferation ability, and viability on Ac4ManNAz treated A549 cells.**All A549 cells were incubated with various concentrations of Ac4MAnNAz (0 to 50 µM) for 3 days at 37 °C. Using the theses cells, TRPM7 (A), VSOR-Cl^-^(B), Kv (C) currents were measured and analyzed. The currents signals were recorded using Axopatch 200B amplifier and filtered from 1 kHz to 5 kHz. In addition, the morphological property was analyzed using microscopic observation (D). The specific growth rate (E) and viability (F) were analyzed by CCK-8 and manual microscopic counting.](thnov07p1164g002){#F2}

![**Wound healing and invasion assay on Ac4ManNAz treated A549 cells.**(A) Wound healing assay was performed to assess the effect of Ac4ManNAz on the migration of A549 cells. The assay was repeated three times and representative images are shown. (B) Representative images of the invasiveness of A549 cells that migrated through transwell membranes. Cells were treated with 0, 10, 20 and 50 μM Ac4ManNAz for 30 hr. (C), (D) Quantification of the wound healing and transwell assay by counting the number of invasive cells through the transwell membranes and migration area. Data are mean ± SD; n=3. \*P\<0.05 vs. control.](thnov07p1164g003){#F3}

![**Change of Mitochondria function in A549 cells treated with Ac4ManNAz.**(A) Mitochondrial membrane potential (ΔΨm) was measured in A549 cells by JC-1 staining as described in materials and methods. (B) A representative graph of ECAR outputs from the XF96 analyzer of the control, and Ac4ManNAz treated A549 cells and the response to glucose, oligomycin and 2-deoxy-glucose. (C) A representative graph of OCR outputs from the XF96 analyzer of the control, and Ac4ManNAz treated A549 cells and the response to oligomycin, FCCP, and antimycin A/rotenone.](thnov07p1164g004){#F4}

![**Optimization of metabolic labeling for cell tracking.**To address the optimum concentration of Ac4ManNAz, (A) visualization of Ac4ManNAz treated cells using DBCO-cy5 (n = 3) and (B) flow cytometry analysis of (A) (n = 3) were conducted. Also, (C) western blot analysis of Ac4ManNAz-treated cells showing the amount of total proteins and generated azide groups (n = 5). For the quantitative analysis of cell tracking using azide labeled total proteins derived from 10 μM Ac4ManNAz-treated cells, (D) schematic representation was shown as comparative analysis of QPCR and labeled total proteins. (E) In representative graph of comparative analysis of QPCR and labeled total proteins, the cells were mixed so that the ratio gradually increased to 100% of modified cells, samples each had a total of 2.5×10^5^ cells in 1 mL.](thnov07p1164g005){#F5}
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